Abstract Quantifying the impact of different modifiable behavioral and biological risk factors on socioeconomic disparities in coronary heart disease (CHD) may help inform targeted, population-specific strategies to reduce the unequal distribution of the disease. Previous studies have used analytic approaches that limit our ability to disentangle the relative contributions of these risk factors to CHD disparities. The goal of this study was to assess mediation of the effect of low education on incident CHD by multiple risk factors simultaneously. Analyses are based on 15,067 participants of the Dutch Monitoring Project on Risk Factors for Chronic Diseases aged 20-65 years examined 1994-1997 and followed for events until January 1, 2008. Path analysis was used to quantify and test mediation of the low education-CHD association by behavioral (current cigarette smoking, heavy alcohol use, poor diet, and physical inactivity) and biological (obesity, hypertension, diabetes, and hypercholesterolemia) risk factors. Behavioral and biological risk factors accounted for 56.6 % (95 % CI 42.6-70.8 %) of the low educationincident CHD association. Smoking was the strongest mediator, accounting for 27.3 % (95 % CI 17.7-37.4 %) of the association, followed by obesity (10.2 %; 95 % CI 4.5-16.1 %), physical inactivity (6.3 %; 95 % CI 2.7-10.0 %), and hypertension (5.3 %; 95 % CI: 2.8-8.0 %). In summary, in a Dutch cohort, the majority of the relationship between low education and incident CHD was mediated by traditional behavioral and biological risk factors. Addressing barriers to smoking cessation, blood pressure and weight management, and physical activity may be the most effective approaches to eliminating socioeconomic inequalities in CHD.
Introduction
Coronary heart disease (CHD) is the leading cause of death in the Netherlands [1] . Studies in the Netherlands have shown low socioeconomic position (SEP) is associated with higher risk of adverse cardiovascular outcomes [2, 3] . Individuals with low SEP may have higher CHD risk due to greater adoption of unhealthy behaviors. This may be the result of living in environments that promote the adoption and maintenance of unhealthy behaviors and offer limited access to health-promoting options [4] [5] [6] [7] [8] . In addition, exposure to psychosocial stressors is generally higher among low SEP individuals, and many CHD behavioral risk factors, including cigarette smoking, heavy alcohol use, and consuming high-fat, high-carbohydrate foods, may be anxiety-reducing adaptations to the financial and psychological stress of having limited socioeconomic resources [9] [10] [11] [12] .
Low SEP may also lead to higher CHD risk due to higher prevalence of biological risk factors, including obesity, hypertension, hypercholesterolemia, and diabetes. These risk factors may be elevated in low SEP individuals due to the high prevalence of unhealthy behaviors or via more purely physiological mechanisms. For example, chronic exposure to physical or psychosocial stressors such as those associated with low SEP may lead to physiologic damage, or allostatic load, via increased sympathetic nervous system activity and dysregulation of stress-responsive neuroendocrine systems [13] . This physiologic wear and tear may in turn lead to several adverse outcomes that could increase CHD risk including hypertension, increased insulin resistance, increased visceral adiposity, and altered metabolism of low-density lipoprotein [14, 15] .
Previous studies have estimated the overall contribution of various behavioral and biological mediators of the association between low SEP and CHD risk to range from 12.5 to 91 % [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . These differences may be due to variation in the risk factors that were adjusted for in the analyses and/or differences in how risk factors were measured. Fewer studies have quantified the specific contributions of different risk factors to associations of low SEP with CHD risk, and those studies have used analytic approaches that limit our ability to accurately quantify the independent contributions of these proposed mediators. Some have included all risk factors in one model [18, 23, 26] . However, this makes it difficult to distinguish the independent roles of these different mediating pathways in socioeconomic disparities in cardiovascular disease risk. Others adjust for one mediator at a time [17, 23, 27] , but this ignores the propensity for risk factors to cluster. Furthermore, neither approach takes into account the likelihood that some CHD risk factors may be on the causal pathway of other risk factors (e.g. obesity is a risk factor for hypertension). Accounting for the unique contributions of co-occurring risk factors may provide a better approximation of the relative impact of each risk factor on socioeconomic disparities in incident CHD.
Using data from the Dutch Monitoring Project on Risk Factors for Chronic Diseases (MORGEN), we expanded upon previous analyses of the contributions of behavioral and biological risk factors to socioeconomic disparities in CHD risk by using path analysis [28, 29] to quantify the relative contribution of each risk factor, while accounting for hypothesized causal relationships among the mediating behavioral and biological factors. In the absence of unmeasured confounding, path analysis allows for the simultaneous assessment of the contributions of several risk factors to the relationship between low SEP and CHD risk. Moreover, while several studies have examined behavioral and biological pathways linking various indicators of low SEP with incident CHD [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , very few have examined these in a Dutch cohort [3] . Given that risk factor prevalence as well as the social patterning of risk factors has recently been shown to vary across European cohorts [30] , a better understanding of the relative importance of these risk factors in the MORGEN cohort may aid in the selection of the most effective interventions to address social disparities in coronary heart disease in the Netherlands.
Methods

Study population
MORGEN is a sex-and age-stratified random sample of individuals aged 20-65 years at baseline living in three towns in the Netherlands (Doetinchem, Maastricht, and Amsterdam) between 1993 and 1997 [31, 32] . Each year a new random sample of approximately 5,000 subjects was examined. The average response rate was 45 %. Participants received two questionnaires by mail: (1) a general questionnaire on socio-demographic factors, lifestyle and health indicators, and (2) a food frequency questionnaire. Participants also visited the local Public Health Service for a physical examination and to draw a 30-ml non-fasting blood sample. Since then, participants have been followed for disease occurrence through registries and for certain lifestyle changes through questionnaires sent in 3-to 5-year intervals.
Because the physical activity questionnaire was not administered in 1993, the present study was restricted to participants who were interviewed between 1994 and 1997. Of the 18,008 eligible men and women, participants were excluded for the following reasons: refusal of consent for follow-up of vital status and hospital discharge data (n = 2,078); having prevalent CVD (n = 224); being pregnant at baseline (n = 96); and missing data on any of the other study covariates (n = 466). Excluded participants were similar to those included in the study population in age, marital status, and sex. After exclusions, 15,067 participants remained for analyses.
Measures
SEP was assessed using educational attainment, which was classified as low (primary school, lower vocational training, or intermediate secondary school), medium (intermediate vocational training or higher secondary school), and high (reference group; higher vocational training or university). Age was modeled continuously. Sex was dichotomized as male versus female. Marital status was dichotomized as currently married versus not currently married (including those who reported being single and never married, widowed, and separated).
Current cigarette smoking was based on self-report and dichotomized as yes or no. Alcohol use was based on selfreported consumption and dichotomized as heavy ([3 drinks/day for men and [2 drink/day for women) versus not heavy. This dichotomization was used based on previous literature showing an inverse association between education and excessive or risky drinking [33, 34] and that heavy alcohol use is a risk factor for CHD. However, given substantial prior research suggesting the protective effect of moderate alcohol use on CHD risk [35, 36] , we also explored dichotomizing alcohol use as moderate versus heavy and none in sensitivity analyses. Study participants were asked several questions on occupational physical activity and time spent engaging in different forms of leisure-time activity in the summer and winter [37] . Participants were classified as physically inactive (vs. physically active) if they reported having sedentary jobs and not engaging in any recreational activity.
Dietary intake was assessed using a validated food frequency questionnaire developed for the European Prospective Investigation into Cancer and Nutrition study [31] . Dietary quality was operationalized using the modified Mediterranean diet score; this measure has been used in previous studies of Dutch cohorts [38, 39] . Values of 0 or 1 were assigned to 8 different nutritional components (vegetables, fruits, legumes and nuts, grains, fish and seafood, ratio of unsaturated to saturated fatty acids, dairy products, and meat) using sex-specific medians as cut-off values, with 1 indicating healthier consumption levels. This score was dichotomized as poor (scores 0-2) or not poor (scores [3] [4] [5] [6] [7] [8] .
BMI (kg/m 2 ) was calculated based on measured height (in m) and weight (in kg). Obesity was defined as having BMI C 30 kg/m 2 . Non-fasting plasma total cholesterol was measured using standardized enzymatic methods [32] . Hypercholesterolemia was defined as having total cholesterol C6.21 mmol/l or self-reported use of cholesterol lowering medication [40] . Resting blood pressure was recorded twice on the seated participant with a random zero sphygmomanometer [32] . The average of the two blood pressure measurements was used to estimate mean blood pressure. Participants were defined as hypertensive if they had mean systolic blood pressure C140 mmHg, mean diastolic blood pressure C90 mmHg, or they reported using antihypertensive medications [41] . Random, non-fasting plasma glucose levels were measured using the hexokinase method [32] . Participants were considered diabetic if they reported being diagnosed with diabetes or they had a random glucose [11.0 mmol/l [42] .
Ascertainment of fatal and nonfatal events
Incident coronary heart disease was defined as the first fatal or nonfatal coronary event that occurred during follow-up. Mortality and morbidity follow-up information was available up to January 1, 2008 (mean follow-up 11.5 years). Vital status was identified using the municipal population register; loss-to-follow-up was below 0.1 %. Cause of death information was obtained from Statistics Netherlands. Morbidity data were collected from the national hospital discharge register. Fatal (primary or secondary cause of death) and non-fatal coronary heart disease was defined as ICD-9 [43] codes 410-414 and ICD-10 [44] codes I20-I25 for fatal cases after 1996.
Statistical analyses
The distribution of all study covariates as well as age-and sexadjusted CHD incidence rates were examined by educational attainment. The path analysis model described in Fig. 1 was used to estimate the extent to which behavioral and biological cardiovascular disease risk factors mediated the association of education with incident CHD. This approach allows for the decomposition of the total effect of education on CHD risk into direct effects (independent of all measured mediating risk factors and confounders) and indirect effects (through each of the measured mediating risk factors).
The arrows in Fig. 1 represent regression equations used to assess mediation. To account for the fact that some risk factors may be on the causal pathway of others, we allowed for behavioral risk factors to act as mediators on their own paths and through obesity and the other biological risk factors (diabetes, hypertension, and hypercholesterolemia). Similarly, we examined obesity as a mediator on pathways with other biological risk factors.
Separate associations of education with each of the behavioral risk factors (a 1 ); of education and behavioral risk factors with obesity (a 2-3 ); and of education, behavioral risk factors, and obesity with each of the other 3 biological risk factors (a 4-6 ) were each estimated using logistic regression. Parametric accelerated failure time modeling was used to estimate associations of all behavioral and biological risk factors with incident CHD independent of education (b 1-3 ) as well as the direct effect of education on incident CHD (c 0 ). The accelerated failure time model was chosen because previous studies suggest it may be a more robust approach for assessing causal mediation with survival data than the proportional hazards
The MORGEN study 809 model [45, 46] . All models were adjusted for age, sex, and marital status as potential confounders. All path coefficients were estimated using SAS 9.2 (SAS Institute, Inc., Cary, NC). The a path coefficients were calculated as the difference between the predicted probability of each mediator among those with low education and the predicted probability of each mediator among those with high education (see Appendix for more details). This was done to account for the fact that the mediators were binary, not continuous [47] . The b path coefficients were simply the beta coefficient for the association between the hypothesized mediator and incident CHD after adjusting for education and confounders. For hypertension, diabetes, and cholesterol, the product of the a path coefficient for the associations of education with each mediator and the b path coefficient for the association of each mediator with incident CHD after adjusting for education represents the indirect effect (a 4 *b 2 in Fig. 1) . Mediation of the education-CHD association by obesity could occur directly (a 2 *b 1 ) as well as through each of the other biological risk factors (a 2 *a 6 *b 2 ). This combined indirect effect was estimated by taking the sum of the two products [48] . Estimation of the combined indirect effect of behavioral risk factors was calculated in a similar manner (a 1 *b 3 ? a 1 *a 3 *b 1 ? a 1 *a 5 *b 2 ? a 1 *a 3 *a 6 *b 2 ).
The proportion mediated by each risk factor was defined as the risk factor-specific indirect effect divided by the total education-incident CHD effect, where the total effect is calculated as the sum of the total indirect effect (i.e., the indirect effect of all mediators combined) and the direct effect. These proportions were multiplied by 100 to approximate the percentage of the total education-incident CHD association mediated by each risk factor. Statistical significance was determined using 95 % confidence intervals (CI) that were calculated around the indirect effects and percentages using the percentile bootstrap method with 2,000 re-samplings [48, 49] .
In supplementary analyses, we compared our findings with those that would be obtained using more traditional epidemiologic approaches. Specifically, we used accelerated failure time modeling to estimate associations of education with incident CHD before and after adjusting for each risk factor separately as well as before and after adjusting for all risk factors in one model. The proportion of the education-CHD relationship attenuated by adjustment for the risk factor(s) was calculated as the beta coefficient for the model without the risk factor(s) subtracted from the beta coefficient for the model with the risk factor(s) divided by the beta coefficient for the model without the risk factor(s). This was multiplied by 100 to get the percent attenuation.
Results
Baseline prevalence of current smoking, poor diet, physical inactivity, obesity, hypertension, diabetes, and hypercholesterolemia were all higher, but prevalence of heavy alcohol use was lower, among individuals with low versus high levels of education (Table 1 ). Compared to participants with high education levels, those with medium education levels were more likely to smoke, have a poor diet, and be obese; they also had a slightly higher prevalence of hypertension. There was no difference in physical inactivity, diabetes, or hypercholesterolemia prevalence between medium and high education study participants. However, heavy alcohol use was lower for those with medium versus high education levels. Table 2 presents age-and sex-adjusted CHD incidence rates that were highest for individuals with low levels of education, but similar for those with medium and high levels of education. There was no difference in CHD incidence between medium and high education individuals in unadjusted analyses or after adjustment for risk factors Fig. 1 Graphic display of the estimated path analysis model. Regression equations are represented by single-headed arrows. Coefficients a [1] [2] [3] [4] [5] [6] are based on estimates computed using logistic regression models with each potential mediator as separate outcomes. Coefficients b 1-3 and c' represent estimates generated using parametric accelerated failure time modeling with time to coronary heart disease as the outcome and very weak evidence of any mediation (not shown). Thus, results for the mediation analysis of the association of medium versus high education with incident CHD are not presented.
The estimated total indirect effect of all behavioral and biological risk factors on the association between low (vs. high) education and incident CHD was -0.155, and the direct effect was -0.119 (Table 3 ). The negative sign of the coefficients indicates that those with low education levels had shorter times to incident CHD than those with high education levels. In terms of percentage mediated, this means behavioral and biological risk factors mediated 56.6 % (95 % CI 42.6-70.8 %) of the total association between low education and incident CHD. The strongest mediators of the low education-incident CHD relationship were current smoking and obesity. Current smoking mediated 27.3 % (95 % CI 17.7-37.4 %) of the association of education with incident CHD and obesity mediated 10.2 % (95 % CI 4.5-16.1 %). Physical inactivity (6.3 %; 95 % CI 2.7-10.0 %) and hypertension (5.3 %; 95 % CI 2.8-8.0 %) were both substantial mediators as well. Diabetes and hypercholesterolemia were modest but significant mediators, while the indirect effects of poor diet and heavy alcohol use were non-significant. Results for the mediation analysis were similar when moderate alcohol use was used instead of heavy alcohol use in the sensitivity analyses. Figure 2 illustrates the statistically significant pathways through which current smoking mediated the low education-incident CHD relationship. Low education was significantly associated with higher smoking after adjusting for confounders and behavioral risk factors (a 1 : 0.18), and obesity was associated with higher incident CHD after adjusting for education and all other risk factors (b 3 : -0.43) (indirect effect a 1 *b 3 : -0.08). Current smoking also mediated the education-incident CHD relationship through its associations with obesity, both independently (a 1 *a 3 *b 1 : 0.0005) and through the other 3 biological risk factors (total a 1 *a 3 *a 6 *b 2 : -0.0006), which were each associated with higher CHD risk. Current smoking a Poisson regression was used to estimate age-and sex-adjusted incidence rates by level of educational attainment Table 3 Percentage of the association between education and incident coronary heart disease mediated by each risk factor determined from the path analysis model in Fig. 1 Using more traditional approaches, we found that the combination of all behavioral and biological risk factors attenuated the association between low education and incident CHD by 62.0 % (Supplementary Table 1 ). Current smoking and obesity remained two of the strongest mediators (20.5 and 17.4 %). However, in the single risk factoradjusted model we found hypertension explained a much higher percentage of the low education-incident CHD relationship (13.3 %) than we found using path analysis.
Discussion
In this study, we used path analysis to quantify and rank the mediating role of different behavioral and biological risk factors in the relationship between low educational attainment and incident CHD in a Dutch cohort. We assessed mediation by multiple risk factors simultaneously while taking into account that these factors may influence CHD serially rather than through parallel pathways (i.e. some are hypothesized to increase risk of others). There was a substantial difference in CHD risk over the follow-up period for low education individuals compared with high education individuals, and behavioral and biological risk factors accounted for 56.6 % of the low education-incident CHD relationship.
Few studies have quantified the specific contributions of different risk factors to associations of education with CHD risk [3, 17, 20, 21] , and none to our knowledge have estimated indirect effects of multiple risk factors simultaneously. The strongest mediator in this study was current cigarette smoking, accounting for 27.3 % of the total association between low education and incident CHD, followed by obesity, physical inactivity, and hypertension (accounting for 10.2, 6.3, and 5.3 % of the total association, respectively). Consistent with these findings, studies of cohorts in several countries have found smoking to be a strong mediator [3, 17, 20, 21] . However, there was less consistent evidence of mediation by blood pressure, BMI, or physical activity across these studies. This may be due to differences in the methodological approach we used to assess mediation (i.e., investigating the impact of all risk factors simultaneously). This may also reflect variation in the prevalence and the social patterning of potential mediating risk factors across countries [30] .
Current cigarette smoking was the strongest mediator of the association between low education and incident CHD. An examination of the significant pathways through which these behavioral risk factors mediated the low educationincident CHD association indicates that the majority of the effect occurred independent of biological risk factors. It is likely that a larger proportion of the indirect effect of cigarette smoking on the low education-incident CHD association occurs through biological risk factors; the magnitude of these intermediate pathways may be underestimated in our model due to the fact that behavioral and biological risk factors were measured at the same point in time.
Obesity was also a strong mediator of the association between low education and incident CHD, even after accounting for diet and physical activity. One explanation for this is that our dietary measure assesses dietary quality, not energy imbalance. Thus, obesity may be reflecting the indirect effect of energy imbalance on CHD risk. Another explanation is that dietary assessments are often prone to measurement error, which may result in an underestimation of the contribution of dietary quality to CHD risk and an overestimation of the independent contribution of obesity. In addition, although we modeled the relationships between behavioral risk factors and obesity as if they occurred in series to lead to incident CHD, they were all measured at the same point in time. Therefore, the available data may not adequately reflect the long-term influence of these health behaviors on obesity risk. Alternatively, exposure to psychosocial stressors, such as those correlated with low educational attainment, may impact obesity independent of health behaviors. Epidemiologic studies have shown Fig. 2 Graphic display of significant pathways through which current smoking mediates the association of low education with incident coronary heart disease. All path coefficients were estimated from models adjusted for age, sex, and marital status psychosocial factors are associated with higher visceral adiposity [50, 51] . Animal studies suggest social stress may lead to increased visceral adiposity through elevated glucocorticoid levels and hypercortisolemia [15, 52] .
In our supplementary analyses we found that comparisons of mediation by all risk factors combined produced similar results using path analysis compared with the more traditional approach of calculating the difference in beta coefficients before and after adjusting for all risk factors (56.6 vs. 62.0 %). However, comparisons of the estimated contributions of the individual mediators using path analysis versus calculating the difference before and after adjustment for single risk factors were less consistent, particularly for the biological risk factors. The higher estimated mediation by obesity, hypertension, and diabetes using the single risk factor adjustment method may reflect the fact that our path analysis model took into account that behavioral risk factors might increase risk for the biological risk factors.
This study is not without limitations. One is that there may be measurement error in the self-reported health behaviors that could have influenced the estimated strength of each risk factor as a mediator. Also, because risk factors were only measured at one point in time, the strength of these mediating pathways as they change over time could be underestimated [53] . Moreover, while the relationships between behavioral risk factors, obesity, and the other biological risk factors were modeled as if they occurred in series to lead to incident CHD, they were all measured at the same single point in time. Therefore, the process through which behavioral risk factors impact CHD risk through the subsequent development of biological risk factors may not have been adequately captured.
In addition, recent research on causal mediation has demonstrated the importance of accounting for unmeasured confounding of both the exposure-outcome association and the mediator-outcome association to obtain unbiased estimates of direct and indirect effects [46, 54] . These assumptions cannot be tested using the data; they must be evaluated using a priori knowledge. Major confounders were controlled for, but there may be others that we were not able to account for that could bias our findings (e.g. early life illnesses or parental/neighborhood SEP which might influence educational attainment and increase CHD risk). While examining multiple mediators in one model could increase the chances that these assumptions are violated, this is less likely to be an issue in our study given how closely related the mediators are (i.e., they are likely to have overlapping confounders).
In summary, we used path analysis to show that low education study participants had significantly higher CHD risk compared with high education individuals and that cigarette smoking and obesity were the strongest risk factors underlying this disparity. Material and environmental constraints as well as psychosocial factors may contribute to the social patterning of these disparities and the mediating risk factors [3, 55] . Therefore, while these findings highlight specific risk factors as targets, effective long-term solutions to socioeconomic disparities in cardiovascular outcomes must also focus on eliminating the upstream correlates of these inequalities.
